C
ENTRAL NERVOUS SYSTEM inflammatory demyelinating diseases (CNSIDDs), of which multiple sclerosis (MS) is the prototype, represent a spectrum of disorders that differ in their clinical, radiographic, and serological findings. Although most acute attacks resolve spontaneously or are corticosteroid responsive, approximately 5% of CNS-IDD attacks are refractory to steroids, necessitating rescue therapy. We demonstrated the efficacy of plasma exchange (PLEX) in a randomized, sham-controlled, doublemasked clinical trial; other nonrandomized studies, both prospective and retrospective, have consistently supported the efficacy of PLEX expressly in the setting of steroid-refractory, fulminant CNS-IDD attacks. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] Male sex, preserved reflexes, and early initiation of PLEX were associated with beneficial PLEX response. 2, 3 The efficacy of PLEX is likely due to the nonspecific removal of inflammatory and humoral factors that might contribute to reversible functional conduction block, before permanent axonal or neuronal damage has ensued. [11] [12] [13] [14] Immunopathological studies have demonstrated prominent humoral immunopathogenic mechanisms that may be responsive to PLEX in a subset of CNS-IDD cases, namely MS immunopattern II and neuromyelitis optica (NMO). 15, 16 Clinical, radiographic, and serological factors that reliably differentiate immunopathological patterns or disease mecha-nisms remain elusive. Despite the approximately 45% PLEX response rate reported among patients with CNS-IDD, determinants of interindividual differences in PLEX response as well as the mechanism(s) underlying the rapid, all-or-none response are not well characterized. This study represents the largest clinical-radiographic-serological series to date of acute, steroid-refractory attacks of CNS-IDD treated with PLEX and identifies clinical and radiographic factors associated with beneficial PLEX response. These findings may identify patients more likely to exhibit a favorable PLEX response and provide further insights into the underlying pathobiology of steroidrefractory CNS-IDD.
METHODS
This study, approved by Mayo Clinic Institutional Review Board 120-06, analyzed clinical, radiographic, and serological findings among patients treated with PLEX for steroid-refractory CNS-IDD attacks between January 5, 1999, and November 12, 2007 . Inclusion criteria were the following: (1) CNS-IDD; (2) PLEX for a steroid-refractory CNS-IDD attack; (3) at least one 0-to 3-month pre-PLEX magnetic resonance imaging (MRI) study and/or serum sample; and (4) sufficient clinical documentation regarding PLEX response. Exclusion criteria included the following: (1) clinical, radiographic, or pathological findings suggesting diseases other than CNS-IDD; and (2) receiving fewer than 2 PLEX treatments.
PATIENT ASCERTAINMENT
All Mayo Clinic patients receiving PLEX between January 5, 1999, and November 12, 2007, for a CNS-IDD were identified. For the period prior to June 1, 2000, patients were ascertained from our previously reported PLEX cohort (n=37). 3 For the period of December 1, 2005 , to December 31, 2007, patients were prospectively ascertained from the Mayo Clinic Apheresis Unit. We identified 212 patients, of whom 59 did not meet inclusion criteria and were excluded (Figure 1) . The remaining 153 patients met inclusion criteria and were assigned to the following cohorts for subgroup analysis: clinical cohort (n=153), brain attack cohort (n=78), opticospinal attack cohort (n=85), and serology cohort (n=34). The clinical cohort consisted of all patients with sufficient documentation to ascertain PLEX response. In addition, patients with 0-to 3-month pre-PLEX brain and/or spine MRI available for analysis composed the brain attack and opticospinal attack cohorts, respectively. Owing to the established disease specificity of NMOIgG, the serological cohort was restricted exclusively to patients with NMO spectrum disorders with 0-to 3-month pre-PLEX serum samples available for NMO-IgG analysis.
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CLINICAL DATA
Medical record review provided sufficient clinical documentation for study inclusion in 153 patients. The clinical course was classified as monophasic, relapsing-remitting, secondary progressive, or primary progressive. 18 Diagnoses were based on published criteria: probable or definite MS, 19, 20 NMO spectrum disorders (ie, NMO, longitudinally extensive transverse myelitis [Ն3 vertebral segments], and recurrent optic neuritis), 21 monophasic optic neuritis, acute disseminated encephalomyelitis, 22 short transverse myelitis (Ͻ3 vertebral segments), 23 and clinically isolated syndrome 24 in patients with a single neurological episode at last follow-up. The index attack was defined as the constellation of neurological symptoms leading to initiation of PLEX. Disease duration at PLEX was defined as the time from the patient's first-ever documented neurological deficits to the time of PLEX initiation; disease duration at last follow-up was defined as the interval between the patient's first-ever documented neurological deficits and his or her last documented follow-up.
RADIOGRAPHIC MATERIAL
Analysis by MRI, performed by 1 evaluator blinded to clinical data (S.M.M.), was restricted to T1-weighted, T2-weighted, fluid- Figure 1 . Ascertainment of plasma exchange (PLEX) cohort and sample size for each analysis. †Exclusions included receiving fewer than 2 exchanges (n=2) and receiving PLEX for an attack related to a coexisting condition and not for a central nervous system inflammatory demyelinating disease (CNS-IDD) attack (diabetic neuropathy, n = 1; polycythemia vera, n=1). MRI indicates magnetic resonance imaging.
attenuated inversion recovery, and T1-weighted gadoliniumenhanced sequences. When more than 1 lesion was observed, the largest lesion was characterized independently and analyzed for the same radiographic features. The radiographic features of interest were initially defined by consensus among study investigators (S.M.M, B.J.E., C.F.L.) during training sessions prior to data collection. Questions regarding radiographic interpretations were adjudicated by a certified neuroradiologist (B.J.E.). Radiographic features of interest were lesion location, T2-weighted lesion load, T2-weighted lesion size, presence and grade of mass effect, presence and degree of edema, and presence of a T2-weighted hypointense rim. Enhancement patterns were defined as homogeneous, ringlike, or heterogeneous. Complex lesions had more than 1 enhancement pattern. The MRI studies were evaluated for multifocality and fulfillment of Barkhof criteria.
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SEROLOGICAL MATERIAL
Pre-PLEX serum samples were tested for NMO-IgG (by indirect immunofluorescence assay) 17 by 2 independent and blinded observers (S.J.P. and V.A.L.). Samples were scored as positive (titer Ն120) or negative (negative at a titer Ͻ120).
PRIMARY OUTCOME
The primary outcome was PLEX response as defined in our randomized trial.
2 Improvement in attack-related, targeted neurological deficit(s) was graded as the following: no improvement if there was no gain in neurological function; mild improvement if there was improvement in neurological status without impacting function; moderate improvement if there was definite improvement in function; and marked improvement if there was major functional improvement. Treatment success requiring moderate or marked functional improvement in at least 1 targeted neurological deficit was assessed in the 6-month period following PLEX treatment.
STATISTICAL ANALYSIS
We performed an exploratory statistical analysis to evaluate associations between PLEX response and clinical factors, radiographic features, and NMO-IgG serostatus. The unit of analysis was based on individual patients. Descriptive statistics, including medians, ranges, and interquartile ranges (IQRs), were used to summarize continuous variables. Comparisons between categorical and continuous variables were performed using Fisher exact test and Wilcoxon rank sum test, respectively. Logistic regression modeling was used for secondary analysis to further summarize several univariate associations. We report unadjusted odds ratios (ORs) and ORs adjusted for sex, days to PLEX, and preservation of deep tendon reflexes, which are 3 background covariates that could a priori be considered potential confounders. Our analysis looked at a large number of potential predictors of a beneficial PLEX response. Although increasing the number of tests could increase our chance of 1 or more false-positive findings, unadjusted (or percomparison) P values are reported because single-inference questions were asked and multiple-comparison tests would greatly inflate false-negative errors in this context.
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RESULTS
PATIENT DEMOGRAPHIC AND CLINICAL CHARACTERISTICS
One hundred four patients were female (68%). The median age at disease onset was 38 years (IQR, 28-50 years; range, 7-75 years), with the median age at the time of PLEX being 44 years (IQR, 34-55 years; range, 6-76 years). Table 1 and Table 2 
INDEX ATTACK LEADING TO PLEX
The median time from the index attack to PLEX was 23 days (range, 0-186 days), with a median of 7 exchanges (range, 2-24 exchanges). Most patients were severely disabled in at least 1 clinical domain, with a median Expanded Disability Status Scale 30 (EDSS) score of 8 (range, 3-9.5), and presented with a relapsing clinical course (n = 104 [68%]) with typically polysymptomatic index attack symptoms (Figure 2) . The most common presenting symptoms in decreasing frequency and grouped according to systems were motor (84%), sensory (71%), sphincter (65%), cerebellar (48%), brainstem (38%), and cognitive (25%). Of interest to CNS-IDDs, 14% of patients presented at the time of PLEX with either monocular or binocular optic neuritis. Symptoms associated with the highest PLEX response rates were brainstem (64%), cerebellar (63%), motor (59%), and cognitive (54%).
OUTCOME OF PLEX AND CLINICAL FEATURES ASSOCIATED WITH TREATMENT SUCCESS
Ninety patients (59%; 95% confidence interval [CI], 51%-66%) exhibited moderate to marked functional improvement within the 6 months following PLEX. 
the index attack, and time from the index attack to initiation of PLEX were not associated with PLEX response. The PLEX responders had a shorter median disease duration at the time of PLEX compared with PLEX nonresponders (1.1 vs 2.3 years, respectively; P = .02) ( Table 1 ). The overall PLEX response rate among our serological cohort was 74%, with PLEX responders having a shorter median disease duration than PLEX nonresponders (345 days vs 4 years, respectively; P=.04).
TEMPORAL COURSE OF CLINICAL RESPONSE TO PLEX AND FOLLOW-UP PERIOD
Patients who exhibited functional improvement did so within a median of 4 days (range, 1-100 days) and by a median of the third exchange (range, 1-12 exchanges). However, a small subset of patients (n=4 [6%]) exhibited a delayed response to PLEX (60-100 days). Patients were followed up for a median of 1.9 years (IQR, 8 months to 4.4 years). The PLEX responders were significantly less impaired at the time of last follow-up (median EDSS score, 4; IQR, 2-7) compared with nonresponders (median EDSS score, 8; IQR, 6.5-8.5) (PϽ.001). Patients with relapsingremitting MS at last follow-up had the highest PLEX response rate (75%) compared with patients with all other CNS-IDDs (52%) (P=.008). Patients who developed a progressive disease course by last follow-up had a lower PLEX response rate than patients with monophasic or relapsing clinical courses (30% vs 64%, respectively; P=.046) ( Table 2) . T2-weighted hypointense rims was observed in 11 of these patients (66%).
RADIOGRAPHIC CHARACTERISTICS OF THE COHORT
RADIOGRAPHIC BRAIN FEATURES ASSOCIATED WITH PLEX RESPONSE
The PLEX response rates were significantly higher among patients with ring enhancement of the largest lesion (82%) compared with patients without ring enhancement (54%) and in patients with mass effect (75%) compared with patients without mass effect (50%) (Figure 4) . Patients with edema on the largest lesion also had higher PLEX response rates compared with patients without edema (73% vs 54%, respectively). Expressed another way, patients with ringenhancing lesions (RELs) of their largest lesion on pre-PLEX MRI appeared to have 4-fold odds of exhibiting a beneficial PLEX response compared with patients with- out RELs (unadjusted OR = 4.00; 95% CI, 1.03-15.60; P=.03). Presence of mass effect and/or edema was associated with increased likelihood of PLEX response (mass effect: unadjusted OR=3.00; 95% CI, 1.12-8.05; P = .02; edema: unadjusted OR = 2.33; 95% CI, 0.84-6.48; P = .10). There were no significant associations between PLEX response and lesion load, location, size, other enhancement patterns, multifocality, or fulfillment of Barkhof criteria. Table 5 summarizes PLEX response by NMO-IgG serostatus. Thirty-four patients had at least 1 pre-PLEX serum sample available for NMO-IgG immunofluorescence assay. The median time from blood draw to PLEX was 6 days (IQR, 2-15 days). We detected NMO-IgG in 22 patients (65%), with a median titer value of 1920 (range, 120-61 440). The PLEX response rate did not differ significantly between patients who were NMO-IgG seropositive (68%; 95% CI, 47%-84%) and those who were NMO-IgG seronegative (83%; 95% CI, 55%-95%) (P = .44).
SEROLOGICAL PREDICTORS OF PLEX
COMMENT
CLINICAL FEATURES AND PLEX RESPONSE
Our study represents the largest series of patients receiving PLEX therapy for a steroid-refractory attack of CNS-IDD. Functional improvement within 6 months was observed in 59% of patients, which agrees with previously published PLEX response rates ranging between 40% and 63%. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] The higher PLEX response rate in our series is comparable to the 63% response rate observed in the series reported by Llufriu et al 10 and may be owing to both studies assessing neurological improvement beyond the acute response phase.
Previously reported clinical factors predictive of PLEX response include male sex, early initiation of PLEX, preserved deep tendon reflexes, and early improvement. 3, 10 Similar to the series by Llufriu et al, 10 we found no association between male sex and PLEX response. However, patients with preserved deep tendon reflexes appeared to have a 4-fold increased likelihood of PLEX response compared with areflexic patients. Areflexia may be the consequence of irreversible anterior horn cell damage less amenable to PLEX rescue therapy. Additionally, PLEX responders in our clinical and serological cohorts had shorter pre-PLEX disease duration than PLEX nonresponders (1.1 vs 2.3 years, respectively, in the clinical cohort; 345 days vs 4.0 years, respectively, in the serological cohort). Because pre-PLEX disability was not determined in our study, the lower PLEX response rate may be related to greater preexisting disability. At the time of PLEX, both PLEX responders and PLEX nonresponders had a median EDSS score of 8. Although this degree of disability is more typical of progressive MS, the high EDSS score reflects the fulminant nature of CNS-IDD attacks within our predominantly relapsing cohort. At the time of last follow-up, PLEX responders had a median EDSS score of 4, further indicating that these were not fixed, irreversible deficits at the time of PLEX. Two clinically relevant temporal courses must be taken into account when considering the management of patients with fulminant CNS-IDD attacks. The first is the time from attack onset to PLEX initiation, and the second is the time from PLEX initiation to PLEX response. Early initiation of PLEX may portend a favorable response. In our previous PLEX series, the highest PLEX response rate was observed among patients receiving PLEX 20 days or sooner from attack onset. 3 Although there may be a decreased likelihood of prolonged inflammation and subsequent axonal damage among patients in whom PLEX is initiated early, this observation has not been consistently replicated. Patients in our series receiving PLEX more than 60, 80, and 90 days from attack onset had similar PLEX response rates as those receiving PLEX within 20 days of attack onset (55%, 63%, and 60% vs 60%, respectively). Indeed, previous reports have also found PLEX to be beneficial even when delayed after attack onset. 1, 3, 4, 9 Although it may be appropriate to consider PLEX in patients with persistent symptoms beyond 90 days in duration, other clinical or radiographic indicators of ongoing disease activity may help guide this decision.
The second clinically relevant temporal course relates to the interval between PLEX initiation and PLEX response. Consistent with previous observations, PLEX responders in our cohort responded rapidly (median of 4 days and by the third exchange). Although defining the therapeutic window of PLEX was not the subject of this study, it is noteworthy that a subset of patients (n=4 [6% of all responders]) were delayed PLEX responders (ie, 60-100 days following PLEX) as observed in the series by Llufriu et al. 10 Although the possibility of spontaneous improvement cannot be excluded, these studies suggest that neurological improvement may continue beyond the initial PLEX treatment phase and is relevant when discussing functional neurological prognosis with patients and their families.
RADIOGRAPHIC FEATURES AND PLEX RESPONSE
To our knowledge, this is the first report to identify a reliable radiographic surrogate marker predictive of a beneficial PLEX response in patients with steroidrefractory CNS-IDD attacks. In this series, 91% of patients presented with multiple lesions at the time of PLEX, which may account for the polysymptomatic presentation observed among the cohort. Large (Ͼ2 cm) tumefactive lesions were common, with nearly 53% of patients demonstrating either mass effect or edema, and 52% exhibiting RELs on brain MRI. An analysis investigating potential clinical confounders driving PLEX response among patients with RELs did not reveal any significant differences in terms of diagnosis, clinical course, EDSS score, or other clinical variables; therefore, the association between PLEX response and RELs is driven not by underlying clinical variables but rather by the underlying pathobiology of the disease. Ring-enhancing lesions are more common among patients with MS immunopattern II, where a humoral pathology dominates and PLEX response has been reported. 15 Therefore, the exquisite PLEX response observed among patients with RELs in our series further supports a role for humoral pathogenic mechanisms underlying the observed favorable PLEX response.
NMO-IgG SEROSTATUS AND PLEX RESPONSE
The discovery of the disease-specific serum biomarker NMO-IgG in patients with NMO spectrum disorders and elucidation of its antigenic target aquaporin 4 have enhanced the early diagnosis of NMO. The overall PLEX response rate in our serological cohort was 74%, with NMO-IgG detected in 65% of patients (Table 5) . Two studies have examined NMO-IgG serostatus and its association with PLEX response, with conflicting results. 5, 7 The PLEX response was not associated with NMO-IgG serostatus (P=.44) in our cohort and was actually higher in NMO-IgG-seronegative patients (83%) compared with NMO-IgG-seropositive patients (68%). The beneficial PLEX response observed in patients with NMO irrespective of NMO-IgG serostatus suggests that a unified humoral pathomechanism may be operative in both NMOIgG-seronegative and NMO-IgG-seropositive patients. 31 Future in vitro and in vivo studies are needed to better characterize this unique subset of patients. 
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